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Abstract 
In this study, it will be analysed the feasibility of a hybrid offshore wind farm where 
both wind and tidal stream technologies are combined. The co-location of this technologies 
will produce more energy without increasing the size of the wind turbine. Moreover, this co-
location will offer synergies of shared infrastructures that will help to reduce both capital and 
operational costs. With this purpose a simulation and modelling of the system in terms of 
generation, structural forces, integration to the grid and economics will been done.  
Firstly, we will need to evaluate the current technologies in order to evaluate in which 
conditions the combination of this technologies can be more profitable in an energetic and 
in an economic point of view. For this reason, it was decided to locate our plant at the north 
of the Island of Anglesey, in United Kingdom, due to its convenient wind and tidal resources 
for both technologies. Furthermore, the government of UK offers strike prices for the 
production of renewable energy, which will be beneficial for our farm.  
The election of the wind and tidal stream turbines and a proper structure will be 
determinant for the farm will be determinant for the success of our plant. These turbines 
need to optimize the energy in our location. Moreover, the idea is to use the same structure, 
with some variations, that would be needed in the case of the installation of just the offshore 
wind turbine. So, the tidal turbine must be able to adapt to this structure. 
Once that the system is defined, a 3D structural simulation will be done in order to 
evaluate if the whole system supports all the loads that act over the structure following the 
present standards. This simulation will be done for the case with the implementation of the 
tidal stream turbine and for the case were we just have the wind turbine. The main loads 
that act over the structure are the aerodynamic and hydrodynamic loads, they will be 
calculated to have an accurate structural analysis. Furthermore, the natural frequency of 
the structure will be studied to prevent possible damages. 
After the preliminary wind and tidal analysis for selecting the location, an accurate 
study will be done in order to obtain the wind and tidal resources. In the case of wind we 
will use both theoretical and real data in order to obtain the most accurate production. In the 
case of the tidal resources, the dynamic components of the currents will be simulate with 
Matlab. After knowing the resources, we will need to optimize the location of the turbines to 
reduce possible wake losses. Then, we will study the energy production for the selected 
turbines in our location. 
Finally, an economic analysis will be done in order to evaluate the feasibility of the 
project and how the implementation of the tidal stream turbine affects to the LCOE and to 
the outcome of the plant throughout its lifetime 
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1. State of art 
 
1.1. Offshore Wind energy 
 
At the end of 2016, global cumulative installed capacity of offshore wind was 14 GW. 
This represents a 3% of the total installed wind capacity. Between 2013 and 2016, the 
annual growth in offshore new capacity was above 2 GW. This capacity was mainly installed 
in Europe and it reflects how the offshore wind market is being consolidated. 
According to the technology developments, since 2000, projects were placed farther 
from shore and in deeper waters. After 2009, most projects have been sited at a distance 
that can vary between 15 and 80 km from the nearest port and in water depths greater than 
15 meters [1]. Also, the capacity of the turbine increased during this period, with larger rotors 
and higher hub heights. In the offshore projects that were commissioned between 2000 and 
2010, most of the wind turbines had a power range that varies between 2 and 3.6 MW. 
However, after 2011, this range increased notably due to improvements in technology, and 
it went from 3.6 to 6.15 MW. After 2011, the offshore farms also became larger, helping 
developers to benefit from economies of scale. With this, it is possible to reduce the cost 
increases related to siting projects further ashore and in deeper waters. Moreover, the 
average size of a European offshore wind farm has increased from 200 MW in 2011 to 380 
MW in 2016, this means a 90% increase through this period [1]. This tendency of build 
larger turbines and longer blades was looking for increasing capacity factors factor 
(percentage of time the power plant is operating at rated power usually taken over a year) 
to access to better quality resources. Nowadays, the capacity factor for offshore wind farms 
is around 0.37 in UK [2]. Thus, the developers will obtain cost reductions with greater 
economies of scale, more competitive supply chains and operation and maintenance 
benefits. Moreover, installation methods and offshore construction vessels are becoming 
more sophisticated and more efficient, which means a reduction of time and costs of 
installation. 
Nevertheless, offshore wind farms have notably higher lead times than onshore wind 
farms. This leads to increase total installed costs as the planification and construction for 
offshore wind farms is more complex. Due to its offshore location, they also have larger grid 
connection and construction costs. Offshore wind project installed costs rose in the period 
between 2012 and 2013. This was because projects were sited farther from shore and have 
been using more advanced technology. 
To summarize, the evolution of total installed costs for offshore wind projects in the 
period from 2000 to 2010 is shown in Figure 1. During the first 10 years they increased, as 
the plants were sited farther from shore and in deeper waters. The installation costs reached 
a peak around 2012, but this impact was offset with the better technologies and therefore, 
better wind resources. Global weighted average installed costs increased by 4% from 2010 
to 2016, which it means an increase from 4 430 to 4 487 $/kW. Furthermore, average 
installed costs for a European offshore wind farm were 4 697 $/kW, which is slightly higher 
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than the global [3]. 
 
 
 
Figure 1. Average installed offshore farms USD/kW 
 
The costs of wind turbines for offshore wind projects account range between 30% 
and 50% of the total. Moreover, foundations are also a significant part of total installed costs 
[4]. The specific location of offshore wind projects plays a notable role due to both the costs 
of construction and the grid connection, which includes deploying undersea cables and 
working further from a port during the installation. 
There are also some additional costs to protect equipment and installations from the 
harsh marine environment. However, these costs can mitigate costly unplanned 
maintenance interventions and finally they can increase the profitability. In comparison with 
onshore wind, offshore farms have greater operation and maintenance. This is mainly due 
to the difficulty of servicing through the sea. On the other hand, offshore wind projects can 
harvest more energy than onshore wind projects, notably in Europe. This is mainly due to 
the availability of better wind resources, less turbulence and steadier winds. 
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1.2. Tidal stream energy 
During the last decades, the interest in tidal stream energy exploitation has been 
increased. Due to the regular and predictable nature of ocean tides, tidal energy resource 
offers many benefits compared to other sources of renewable energy. The annual 
theoretical power of the global tidal stream resource is estimated to be in the order of 10 
104 TWh. However, in practice, just a limited percentage of that energy can be converted 
into electrical energy because of technical and practical limits. With the increase in this kind 
of energy, detailed tidal energy resource studies have now been done worldwide [5]. 
Apart of the vast available energy, the other main advantage of tidal stream 
generation over other forms of renewable generation is that the prediction over long time 
horizons is almost perfect. For this reason, the incorporation of tidal generation into the 
system should be less challenging than other forms of renewable generation, which are 
highly unpredictable [6]. 
Nowadays, three different type of tidal energy technologies stand up. First, tidal 
range technology is the one that uses a barrage or a dam to generate power from the height 
difference that is produced during the high and low tide. The power is generated through 
tidal turbines, most of them come from hydropower design such as bulb turbines. Usually, 
these turbines are in the barrage. Their commercial feasibility has been analysed through 
the operation of different plants. South Korea and France have 254 and 240 MW of capacity 
respectively and then there are other countries with also an important capacity as Canada, 
China or Russia. The plant placed in South Korea is the largest and newest tidal barrage 
Moreover, there are new tidal range technologies being such as tidal lagoons, tidal reefs, 
tidal fences and low head tidal barrages [7]. 
On the other hand, tidal stream energy exploits the kinetic energy that available in 
fast tidal currents. Such currents can be caused in head driven differences between the 
ends of a narrow channel or around the tip of a headland, funnelling the water through at 
high speed in order to maintain a constant mass ﬂux. This kinetic energy can be extracted 
using a turbine, in a similar manner to how wind turbines operate. The main difference with 
wind generation is that the density of sea water is approximately 900 times greater than that 
of air. Moreover, in water there is the presence of a bounding free surface which constrains 
the ﬂow around the tidal turbine. Tidal stream energy projects soon will be commercial after 
the first full-scale prototype turbines demonstration and small arrays installed in Scotland. 
Just in UK, extractable tidal stream resource is estimated to be around 20 TWh/yr. With 
most of this resource identified at a depth range from 30 to 60 m, in selected locations it 
can produce featuring peak spring currents of over 4 m/s and an averaged potential power 
generation of 1.9 GW over the tidal cycle. 
Until the last years, the industry was dominated by small entrepreneurial companies. 
However, in the last years, large engineering farms, turbine manufacturers and large electric 
companies have entered into this market.  
The first commercial scale tidal turbine was commissioned in Strangford Lough, 
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Northern Ireland, in July 2008. The 1.2 MW SeaGen project was developed by Marine 
Current Turbines. The turbine was a combination of two 600 kW turbines and it required a 
total investment of £12 million [8]. 
In September 2012, the project reached an important milestone by producing up to 
5 GWh of power since its commissioning 4 years ago. This power is enough to supply 
electricity to 1500 households annually. With this milestone, the demonstration phase of the 
project was considered complete. 
Other example is Nova Scotia in Canada, in this province there is an important tidal 
energy potential due to in this location there is the highest tidal range in worldwide. In 
addition, the government of Nova Scotia has the goal of generating a total of 300 MW of 
power from tidal stream projects in the next five years. They want to increase the already 
existing facilities with a capacity of 20 MW [3]. 
 
 
Figure 2. Tidal stream turbines 
The third tidal technology is the one that use hybrid systems. They combine the two 
different technologies in order to generate more energy. But even that there are several 
countries that are investing in this, nowadays, there are not full-scale prototypes that had 
been tested or demonstrated yet. 
The current tidal range power generation plants that are operating nowadays had a 
construction cost has been reduce from 340 $ per kW in 1966 to 117 $ per kW in 2011. 
Nevertheless, these costs can vary a lot depending of the location of the plant. Moreover, 
the LCOE also decrease from 40 € per MWh to 20 € per MWh in 2011. They are low due to 
these plants have a long lifetime and once that they are built the maintenance is not very 
expensive. 
On the other hand, tidal current technologies are still in the demonstration stage. 
For this reason, cost estimates are projected to decrease according to the deployment of 
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this technology. Estimates costs from different European studies for 2020 for current tidal 
technologies are in a range from 0.17 €/kWh to 0.23 €/kWh. However, current 
demonstration projects suggest the levelized cost of energy to be between 0.25 and 0.47 
€/kWh. However, these costs can decrease until a 40 % if they are combined and integrated 
in a new or an already installed structure.  
Tidal stream turbines need to be placed in sites with a good marine current resource in 
order to be profitable. Usually, this is sites are place in a depth that vary between 25 and 
50 meters and they have a peak spring tidal current speed higher 2.5 m/s. Moreover, it is 
needed to consider the friction from the seabed or the boundary layer, which will reduce the 
tidal velocity near to the seabed. 
 
1.3. Co-Location 
As it was mentioned before, method of potentially reducing the cost of generation 
from marine renewables, which has received some attention, is to co-locate multiple 
technologies at the same location and take advantage of synergies, such as shared 
electrical connections, moorings, access for maintenance, and smoothing of power output. 
For example, a range of hybrid offshore wind and wave energy converters were considered 
as part of the European Union Seventh Framework Program platform grant MARINA [9]. 
However, for devices with low ratios of wave to wind capacity (< 20%), the cost and 
complexity of the wave energy converter (WEC) is still too high, such that the small 
additional amount of power the WEC contributes relative to the wind turbine, is too little to 
be considered of interest to device developers Hybrid devices are hence of more interest 
when the capacity ratio is more evenly weighted. Nevertheless, co-location of wave and 
wind devices at the same site may still provide cost savings and smoothed power output 
Alternatively, co-location of wind and tidal stream turbines, with the higher energy density 
of the tides relative to the wind, may ensure both a more even balance of capacity to warrant 
sharing support structures, as well as a smoother and less intermittent power supply. Co-
location of wind and tidal stream energy is the focus of the research presented here. [6] 
However, the cost of both offshore wind and tidal stream turbines will need to fall 
notably. In order to have commercial viability. Nowadays, the cost reduction per year is 
estimated to be in a range from 10 to 12% for offshore wind [10] and similar rates predicted 
for tidal stream [11]. 
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2. Introduction 
During the last years, the United Kingdom has achieved a remarkable growth in 
renewable energy. This was in part since they have supported them by different policy 
schemes. Nowadays, with an installed capacity of around 7.9 GW, United Kingdom is a 
market leader in offshore wind. One of the policies that helped to achieve this point are the 
contracts for difference (CFD) auctions. They provide 15 year contracts to new renewable 
generation at a guaranteed strike price, this helps to design an economical viable plant and 
make them a most sure investment, so finally it implies cost reductions. However, these 
strike prices are being reduced, in 2017, the clearing price for offshore wind halved 
compared to 2015 and secured 3.3 GW. This kind of policies in United Kingdom has 
fostered to the development of a competitive renewable energy industry. At the end of 2018, 
the total renewable electricity capacity in United Kingdom from renewable energy (wind, 
solar and biomass) was 42 GW, overtaking the capacity of coal and gas generation, which 
is 40.6 GW. In the last decade, there was an increase of a 25.5% of renewable capacity in 
the electric mix. Nevertheless, transport and heating sectors need to improve in order to 
achieve the EU 2020 target established a target of 15% renewables in total energy 
consumption with 30% of electricity, 12% of heat, and 10% of transport. For achieving this 
target, United Kingdom is following the Clean Growth Strategy [12], whose goal is to 
increase the renewable energy supply further [13]. 
The design of offshore turbines for distant offshore installations will continue to 
deviate from that of land-based turbines, with less focus on issues such as flicker, sound 
and aesthetics. Continued turbine scaling will remain critical for offshore technology, as it 
has already resulted in lower balance of plant and operations costs while simultaneously 
increasing energy capture. 
The interaction of an offshore structure with the wind, waves and marine currents 
causes a series of loads that can affect to the foundation. Currently, the designs of this 
foundations is conservative as not all the forces are completely understood and they can 
vary notably. 
Moreover, in order to improve the electrical transmission for offshore plants that are 
located far from the shore there are substations that convert the AC into DC, so they don´t 
need to use compensations to diminish the loads and finally the have less losses that with 
the classical transmission. 
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3. Momentum and energy equations 
 
For both wind and tidal stream turbines, kinetic energy is extracted from the working 
ﬂuid by creating a stepped pressure drop across the turbine. The disc acts as a drag device 
providing an instantaneous discontinuity in pressure in the ﬂow. It is assumed that viscous 
forces are negligible compared to the pressure change and momentum ﬂux across the disc. 
In other words, the boundaries represent constant mass ﬂow rate of ﬂuid passing through 
the turbine. In the Figure 3 we have a representation of this process. [14]. 
 
 
Figure 3. Stream tube of fluid which passes through the turbine 
 
3.1. Blade Element Momentum Theory (BEMT) 
Until now, the momentum theory has focused on actuator disc representations of 
turbine rotors. In order to calculate the forces acting on the individual blades, momentum 
theory is combined with blade element theory. Here the blade is split into a number of small 
elements for which the force acting on each is calculated using momentum theory. 
Integrating along the whole blade then gives the total force acting on the blade. Resolving 
the lift and drag forces into the radial and axial directions, which are illustrated in the Figure 
4, we will obtain the elemental torque, dQ, and thrust, dT, for a N number of blades: 
 
Equation 1. Elemental torque and thrust 
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Figure 4. Forces acting on the blade 
3.2. Yaw control 
Wind turbines are designed to rotate azimuthally, into the heading of the ‘steady’ 
onset ﬂow direction. Most commonly, for medium-to-large scale upwind turbines, where the 
rotor is upstream of the nacelle, an active yaw mechanism is utilized with either an electric 
or hydraulic drive. Such is the complexity of designing a yaw mechanism, particularly for 
underwater applications, that early tidal stream turbine demonstration devices have not 
implemented yaw mechanisms. However, this limits the power producing capability of the 
device and so yaw mechanisms are subsequently being considered; namely, slack-tide yaw 
and continuous yaw. Slack-tide yaw only allows for yaw adjustment during a slack tide, 
which puts less load on the yaw bearing and is mechanically simpler than a continual 
hydraulic yaw mechanism.  
For both wind and tidal stream turbines, due to the large moment of inertia of the 
nacelle, it is always clearly not possible to align the rotor with the continually ﬂuctuating ﬂow 
direction. This leads to too much time spent in oblique ﬂow and hence a drop-in efficiency.  
 
3.2.1. Control 
The preceding section assumed that the tidal turbines utilized a continuous yaw 
strategy, analogous to that used in wind turbines, such that, for the hourly average wind 
speed time series, the turbine would be assumed to always be aligned with the wind ﬂow 
heading. In the case of using a fixed yaw strategy, the nacelle will be fixed allowing the 
turbine to generate power on both the ebb and ﬂood tides. In slack-tide yaw, the turbine 
nacelle yaws only during a slack tide, which is defined in the model as when the local 
minimum in current velocity occurs. Variability in current heading during each half tidal 
period, which happens during the interval between two slack tides, means the turbine rotor 
plane will be subject to oblique inﬂow angles, φt for both the slack-tide and fixed orientation 
strategies.  
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In the slack-tide model, the turbine is then orientated to the heading which will 
maximize energy yield during the next half tidal period. This is calculated using the power 
curve of a single turbine and by varying the turbine heading in small azimuthal increments 
through the range of angles experienced during the half tidal period until the heading which 
generates optimum energy yield is found. In reality, this strategy would require accurate 
prediction of the heading for the next half-tidal cycle. Implementation of each yaw strategy 
is schematically represented in Figure 5.  
 
 
Figure 5. Implementation of (a) Fixed yaw, (b) Slack-tide yaw and (c) Continuous yaw control strategies. 
After an analysis where the energy that we can obtain with the different yaw systems 
was studied. It was obtained that the continuous yaw strategy was the continuous yaw 
strategy generating almost a 70% more than the fixed mechanism. However, the slack-tide 
yaw strategy was able to obtain almost the 90% of the continuous yaw yield. For this reason, 
in order to generate the maximum possible energy, the continuous yaw system was 
selected for our system. 
 
3.3. Wake of the turbines 
A description of turbine operation is incomplete without observing in more detail, the 
structure of the turbulent wake, through which the turbine interacts with other turbines 
downstream in a farm layout. Although there are significant similarities between wakes of 
wind and tidal turbines, some of the differences arising due to the presence of a free-surface 
in the case of tidal stream turbines, are highlighted within this section. 
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3.3.1. Near-Wake 
The near-wake is typically defined between 1 and 3 diameters downstream of the 
rotor. In this region, pressure and velocity gradients between the low pressure inner-wake 
and the ambient outer-wake, drive turbulent mixing. Vortex sheets which shed from each of 
the blade tips due to circulation, quickly form circular vortices a short distance downstream 
which follow a helical path as the blades rotate. These highly turbulent vortices define a 
cylindrical, axisymmetric free shear layer which encloses the wake core, whose turbulence 
intensity is comparable to that of the ambient turbulence. This shear layer expands with 
downstream distance, a trend which has been shown to be linear for tidal stream turbines 
[15]. 
Once the pressure in the wake recovers to the free-stream level, turbulent diffusion 
drives mixing of momentum [16]. Shear in the ambient ﬂow also causes a greater turbulence 
intensity and mixing at the top of the wake. Expansion of the shear layer continues until 
merging at the wake axis where the near-wake is considered to finish. For turbines in a 
shallow turbulent channel, the expansion rates of the shear layer are different in the vertical 
and horizontal planes owing to the depth-constraint of the sea bed and free-surface. The 
cross-sectional profile of the wake follows the same distribution at all downstream 
distances.  
 
3.3.2. Far-wake 
From the near to far wake is a transition region. The far-wake is then defined once 
the wake is fully-developed, with self-similar cross-section profiles of velocity and 
turbulence. 
However, the presence of an ambient shear and bounding surfaces mean that the 
wake for both wind turbines and tidal stream turbines are not purely axisymmetric. For wind 
turbines, the centreline velocity deficit of the wake tends to dip below the turbine axis whilst 
the peak turbulence intensity lies above the turbine axis. For tidal turbines in a channel of 
small diameter to depth ratio, the axisymmetric assumption appears to hold. In contrast, the 
vertical profile for the far-wake of a scaled tidal turbine operating in a shallow turbulent ﬂow 
with diameter to depth ratio of 0.6 has been shown to become depth-averaged by 8D 
downstream. 
 
3.3.3. Modelling 2D Wake models wind 
The modelling for both wind and tidal stream turbines can be considered in three 
separate geometric scales; regional scale, farm/array scale and blade scale. 
The first model was done by Jensen in 1983. It is renowned for its simplicity to code 
and use, as well as its low computational cost and reasonable accuracy in predicting power 
output from downstream wind turbines within directly overlapping wakes. It is incorporated 
as a standard model in WAsP software, which we will use for the calculation of the wake in 
Pg. | 22  Memory 
 
our farm. Jensen assumes that only the far-field characteristics of the wake are of interest 
and so the near-field swirling vortices and periodic ﬂow features can be neglected. This 
allows the simplification of a linear, cone-shaped wake expansion to be assumed.  
After derivation, the velocity deficit of the wake with radius, rw, at a position, x 
downstream, is given by. 
 
Equation 2. Jensen's equation 
 
3.4. Turbulences 
The wind and strong tidal currents are very turbulent ﬂows featuring eddies, or 
turbulent motions over a range of spatial and temporal scales, which appear as velocity 
ﬂuctuations about the mean of a sample of measurements. The total velocity, U (t) will be 
defined by a Reynolds breakdown into a steady mean, U and ﬂuctuating term, u. 
The concept of an energy cascade is introduced to describe how the largest, high-
energy containing eddies and low local Reynolds numbers are unstable and break down, 
passing their turbulent energy into smaller and smaller eddies, until dissipation of the 
turbulent energy occurs in the very smallest eddies where the Reynolds numbers are very 
high and hence energy is dissipated through viscosity.  
 
3.4.1. Waves 
Any device located in the offshore environment is clearly subjected to wave loading, 
and thus an elementary review of wave theory is necessary in order to understand how 
different design load cases, due to waves, may be applied.  
 
3.4.2. Breaking waves 
Wave breaking occurs when the water particle velocities in the crest of the wave are 
moving faster than the wave celerity. In shallow water, this typically occurs when the wave 
height exceeds 78% of the water depth [17]. Breaking waves are typically characterized as 
spilling, plunging or surging. For spilling waves, the wave crest has only just broken, and 
the wave front remains steep after breaking. The wave crest curls over until it completely 
collapses causing a high pressure jet to emanate and very high magnitude, instantaneous 
force known as ‘slamming’ loads can occur on structures subjected to these waves.  
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4. Selecting the turbine 
4.1. Structure 
Currently, there are four main types of structures for offshore wind farms: monopile, 
jacket, gravity-based and floating. However, due to the environmental conditions of our farm 
it was decided that the use of a monopile foundation was the most convenient. 
This kind of structure is usually installed to a depth range of 0 to 35 m. Nowadays, 
this is the most common structure, mainly due to its simplicity and efficiency. The structure 
consists in a cylindrical tube made of steel. Its diameter can reach 7 m, although some new 
turbines can reach 8 or even 9 meters as they are larger and the depth increases.  
Moreover, this kind of structure has been used for tidal turbines [18], this is due to 
the implementation of this structure in the monopile offers cost benefits over other designs.  
Also, there are some researches that analyses the implementation of multiple tidal turbines 
located on a single column structure. If we combine both technologies, the result will be 
similar to the shown in the Figure 6 [14]. 
 
 
Figure 6. Hybrid wind and tidal structures 
 
4.2. Turbines 
4.2.1. Wind Turbine: SWT 6.0 - 154 
In order to have a turbine accord to our location, the SWT 6.0 by Siemens was 
selected. It counts with a direct drive technology that will reduce the maintenance and 
enlarge its lifetime. With its 75 meters-blades it has a rotor area of 18600 m2. It is 
considered one of the most lightweight offshore turbines in the market due to the reduction 
on the moving parts in comparison with other similar turbines [19]. 
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The rotor counts with a permanent 
magnet system that is cooled with a mix of 
air and water, it has a diameter of 6.5 
meters. Then, there are two converters 
inside the nacelle for filtering the voltage. 
The fact of its location above the tower 
helps to cut internal power transport losses 
[20]. 
In the Figure 8 we can observe the 
power curve of the SWT 6.0 in relation to 
the previous model. The generation 
begins at has a cut-in speed of 3 m/s. 
Then, it reaches its rated speed at 11 m/s 
when the power output is 6 MW. The 
turbine can operate until winds speeds of 
25 m/s. 
 
 
 
4.2.2. Tidal stream turbine: SeaGen-S 2MW 
In order to produce electricity from the 
marine tidal currents we will need a turbine that 
can resist this harsh conditions and seize at 
maximum the generation. Moreover, as the 
idea is to use the same foundation for both 
technologies we will need that this turbine will 
couple perfectly. Nowadays, the Seagen-S of 2 
MW is the only tidal-stream turbine that can suit 
better these necessities. The design of this 
turbine with two rotors have some crucial 
advantages for our project. Firstly, it increases 
the ability of the turbine to produce energy in no 
very depth waters, where the length of the 
blades is limited and they can adapt its direction 
of the currents spinning over the axe of the 
structure [21]. 
The energy is generate by an 
asynchronous machine with a squirrel-cage 
rotor. It starts to generate automatically when the current speed reaches 1 m/s. Then, the 
generation is optimized using the pitch angle and the rated power is reached at 2.5 m/s. 
Figure 7. SWT 6.0-154 
Figure 9. SeaGen-S 
Figure 8. Power Curve 
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Then, the turbine can operate until reaching 4 m/s, which is a very high value for a marine 
current. The power curve is shown in Figure 10  [22]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Power Curve for SeaGen-S 
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5. Structural Analysis 
5.1. Introduction 
For offshore wind turbines that operate in waters with a depth range of 0 to 30 
meters, monopile structures are the most used. This is mainly due to the simplicity of the 
fabrication and installation of this structure. For this reason, nowadays, monopile structures 
are the most installed type of structure used for offshore wind as it is outlined in Figure 11. 
During 2014, the 91% of the offshore wind turbines installed in Europe, making up a 
cumulative of the 78.8% share. The other types of structures that are often used are gravity-
based foundations, they represent a 10.4% of share. The remaining part of the share is 
formed by jacket, tripods, triples, floating and experimental structures. 
 
 
 
 
Figure 11. Offshore structures type in 2014 
 
When we analyse monopile structures we should consider that they are mainly 
affected by both horizontal and vertical loads. These forces are finally transmitted to the 
seabed. For this reason, the pile diameter must be large enough to provide the required 
stiffness to the structure.  
However, monopile structures are not the most suitable when they are placed in 
very deep waters. In order to provide enough stiffness the diameter varies according to the 
depth. Larger diameters imply a more difficult fabrication and installation for some limitations 
such as available steel plates sizes and pile driving capacity.  
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5.2. Components of monopile-supported OWT 
The main constituents of a monopile are the foundation pile, the transition piece and the 
tower. The transition piece supports the rotor nacelle assembly (RNA). A large diameter 
steel tube composes the foundation pile, which is buried in the seabed. Then, between the 
foundation pile and the tower we can find the transition piece. This component allows the 
installation of some commodities, such as boat landing, ladder and platform. Moreover, it 
can be used of correct the inclination of the tower if it is needed. Finally, above the tower 
we will find the rotor nacelle assembly. In this part is where we will find the electronic and 
mechanical parts of the turbine, such as the gearbox and generator. Offshore wind turbine 
components are illustrated in Figure 12. 
 
 
Figure 12. Components of monopile 
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5.3. Design  
5.3.1. Design Methodology 
 The support structure needs to be designed in a way that the wind turbine can 
support all the loads during its service life. In a monopile foundation, axial loads are 
generated by the self-weight of its components generates. On the other hand, either the 
wind, wave or currents can generate different forces in the monopile foundation such as 
bending moments or torsional and lateral loads. Generally, the bending moments are the 
ones that govern the design of the foundation as they are the most important. The main 
objective of the design of the monopile foundation is to determine the dimensions of its 
components, considering operability, load resistance and economics. The International 
Electrotechnical Comission (IEC) recommends a lifetime for the plant of 20 years. 
In order to design a bottom-fixed offshore wind support structure, the next 
recommendations and standards were taken in account: IEC61400 [17], DNV-OS-J101  [23] 
and the GL Guideline for the Certification of Offshore Wind Turbines  [24].  
 
5.3.2. Design Sequence  
In the Figure 13 is shown as the design process for the offshore wind turbine system 
has been divided. The process begins by defining the external conditions of the site. This 
mainly includes wind and wave resources, bathymetry and soil conditions. Once that we 
have collected all the information, we are ready to realize the design. Firstly, support 
structure and RNA will be designed. The design has to fulfill the limit loads and states 
established by the design standards. 
 
 
 
Figure 13. Design Process for an offshore wind turbine 
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In order to do the design of the monopile we will follow the diagram that is shown in 
Figure 14. Firstly, design elevations and allowed natural frequency need to be determined. 
For this purpose, both environmental data and wind turbine properties are used. An iterative 
procedure will be used for determining the required thickness of the monopile structure and 
embedment depth. The pile diameter needs to be adapted until desired foundation stiffness 
and pile stability requirements are achieved. The model is considered complete once that 
the pile dimensions are optimized so the structure satisfies requirements on natural 
frequency, stability, structural strength and fatigue. 
 
 
5.4. Design Criteria 
 
  The support structure has to comply strength requirements and allowable 
deformations during its operation. But an offshore wind turbine has to fulfil all the standards 
in order to be valid, the main ones are here: 
 
• The hub height has to consider a high efficiency and adequate safety. 
• A good clearance between the blades and the structure must be achieved. 
• Motion and acceleration of the RNA needs to be limited to avoid damage in its 
components. 
• Cables and other electrical components for exporting the generated power need to 
be considered in the design 
 
In this section, it is discussed the criteria on design elevations, natural frequency, 
strength and allowable deformation to make sure that these requirements are fulfilled by the 
design.  
 
 
Figure 14. Design process for a monopile support structure 
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5.4.1. Strength criteria 
Yielding and buckling are the two failure modes that are considered in the strength 
design criteria. If the stress is greater than the elastic limit the structure can suffer yielding. 
On the other hand, global buckling refers to a sudden collapse in the structure. Generally, 
when this happens locally it is due to a compressive force and usually it is due to a structural 
unbalance. One factor that can increase the possibilities of global buckling is the 
slenderness.   
For foundation piles, yielding is considered the most important component to predict 
a failure. One way of prevent this yielding is with the soil that supports the monopile, which 
reduces the possibilities of yielding and buckling. 
The material limits that will be analysed in this study in order to know if the structure 
can support this deformations are:  
 
• Ultimate Limit State. 
• Serviceability Limit State. 
• Fatigue Limit State  
 
The most important is the ultimate limit state, with it we can calculate if the structural 
strength of all the components of the structure and its joints can support the forces that will 
be applied over the structure. On the other hand, the fatigue limit state will verify if the 
structure can support the cumulative possible damages that the monopile will suffer in its 
lifetime [25]. 
 
 
5.5. Design Elevations 
 
  The preliminary design of a monopile support structure is mainly based on 
established design elevations. In this case, the interface level and the hub height will be the 
parameters that will be more important. The interface level is calculated in order to reduce 
the hydrodynamic loads that can affect the structure, for this reason it is preferred to be 
high. In order to estimate its height the highest crest elevation is evaluated. To calculate 
this elevation, we will use the 50 year highest still water level and the 50 year storm-surge. 
Finally, to calculate the interface level an air gap, usually between 1.5 and 3 meters, is 
added to diminish the action of the loads created by the waves. In Figure 15 we can see a 
representation of the different fases that are needed to calculate the interface level. 
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Figure 15. Interface level 
 
In order to optimize the structure and prevent moments caused by aerodynamic 
loads, the hub height can´t be too high. Once that we have design the interface level, we 
can calculate the hub height knowing the diameter of the rotor and the blade clearance, 
which is this case is set as 10 meters. These parameters are defined in the Equation 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Equation 3. Interface level calculation 
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The data for the wave period, water level and astronomical tide in our site was take 
from “Wind and wave frequency distributions for sites around the British Isles” [26]. 
With this information and applying the previous equations it was obtained the results 
shown in the Table 1. Where we can see that the hub height will be of 102 meters 
and that the interface level should be at 43 meters from the bottom of the sea.  
 
LAT = Lowest astronomical tide (m) -0.415 
Δztide = tidal range (m) 7.270 
Δzsurge = 50 year storm surge (m) 6.500 
ΔZair gap = air gap (m) 1.500 
Δzclearence = blade clearance (m) 10.000 
ƺ = 50-year water level (m) 28.000 
Drotor  (m) 154.000 
Zinterface (m) 43.000 
Zhub (m) 130 
Lnacelle (m) 85 
Zhubreal (m) 102 
Table 1. Design Elevations 
 
 
5.6. Aerodynamic Loads 
5.6.1. Thrust 
One of the main forces acting in the structure is the thrust in the rotor. In this case 
we know the thrust coefficient of the SWT-6.0-154. Knowing this coefficient, which is 
characteristic for this turbine and using the Equation 4 for the calculation of the wind forces 
that act on the rotor we will obtain the thrust curve as it is outlined in the Figure16 we can 
and varies according to the speed.  We need to have in consideration the air density, the 
swept area and the wind speed.  
 
𝐹𝑇 =  
1
2
∗ 𝐶𝑇 ∗ 𝜌 ∗ 𝐴 ∗ 𝑣
2 
Equation 4. Forces acting on the rotor 
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5.6.2. Wind forces 
 
In order to evaluate the wind forces that act in our wind turbine we have followed the 
instructions of the Eurocode EN1991-1-4 [27]. Firstly, it is needed to calculate the peak 
velocity pressure. We will need to evaluate the basic wind velocity of our site, which is 
defined according to the national wind map of UK, Figure 17. Another important site factors 
that will determine these forces are the terrain roughness, the orographic factor, the mean 
wind velocity and turbulences. The structure characteristics also will play an important role, 
so, the structural factor and the effective slenderness will be analysed. Then, the forces that 
will act over our structure will be derived from the results of these calculations.  
  
Figure 17. National Annex 
0
100
200
300
400
500
600
700
800
0 2 4 6 8 10 12 14 16 18 20 22 24 26
TH
R
U
ST
 (
K
N
)
WIND SPEED (M/S)
Figure 16. Thrust vs Wind Speed 
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5.6.3. Results 
 
According to the previous section, in order to calculate the aerodynamic forces it is 
needed to determine the next values in our site: Basic wind speed, roughness length, 
orographic factor, terrain roughness, density and viscosity of the air. 
 
Table 2. Site characteristics 
Once that the characteristics of the sites were established, we can proceed to the 
calculation of the wind forces that act in our monopile. They are calculated in an interval of 
10 meters through the structure obtaining the results shown in Table 3. 
 
Table 3. Wind forces 
 
 
 
 
 
 
Figure 18. Height and wind forces 
 
Vb (m/s) zo co Ki Density (kg/m3) Viscosity (m2/s)
24.5 0.003 1.000 1.000 1.250 1.50E-05
h [m] b [m] z [m] kr [-] cr [-] vm [m/s] lv [-] qp [N/m2] v [m/s] Re [-] λ [-] cf,0 [-] cf [-] A [m2] Fw  [N]
0 7 5 0.156 1.158 28.360 0.135 977.021 39.538 1.85E+07 1.429 0.777 0.483 70 37988.044
10 6.8 15 0.156 1.329 32.560 0.117 1207.175 43.949 1.99E+07 1.471 0.782 0.488 68 46067.729
20 6.6 25 0.156 1.409 34.513 0.111 1321.700 45.986 2.02E+07 1.515 0.785 0.491 66 49255.659
30 6.4 35 0.156 1.461 35.799 0.107 1399.740 47.324 2.02E+07 1.563 0.786 0.493 64 50789.271
40 6.2 45 0.156 1.500 36.760 0.104 1459.377 48.322 2.00E+07 1.613 0.787 0.495 62 51506.538
50 6 55 0.156 1.532 37.527 0.102 1507.826 49.117 1.96E+07 1.667 0.788 0.497 60 51707.871
60 5.8 65 0.156 1.558 38.166 0.100 1548.719 49.779 1.92E+07 1.724 0.789 0.499 58 51546.484
70 5.6 75 0.156 1.580 38.713 0.099 1584.154 50.345 1.88E+07 1.786 0.79 0.501 56 51111.790
80 5.4 85 0.156 1.600 39.191 0.098 1615.454 50.840 1.83E+07 1.852 0.791 0.503 54 50460.820
90 5.2 95 0.156 1.617 39.617 0.096 1643.509 51.280 1.78E+07 1.923 0.791 0.505 52 49632.336
100 5 105 0.156 1.633 39.999 0.096 1668.947 51.675 1.72E+07 2.000 0.792 0.507 50 48653.973
0
20
40
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100
35 40 45 50 55
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5.7. Hydrodynamic Load and Wave Model 
 Nonlinear high-frequency wave loads can cause springing and ringing-type 
structural responses on offshore structures. The non-linear effect on both ultimate limit state 
and fatigue life of the structure can be studied by comparing results from both linear and 
nonlinear wave models. In addition, free-surface diffraction can become significant in the 
fatigue life of non-slender structures. This chapter focuses on both hydrodynamic load 
model and wave model adopted in this study. 
 
5.7.1. Thrust 
The thrust routinely experienced by SeaGen with its twin 16 m diameter rotors at 
rated power and rated velocity of 2.4m/s is approximately 600 kN per rotor. This means that 
it has an overall thrust of 1500 kN [28]. 
 
5.7.2. Hydrodynamic Load Model 
• Morison Equation 
 The forces acting on a cylinder in an oscillatory flow can be calculated using the 
Morison equation. The equation describes the total force per unit length as the sum of the 
drag force and inertia force. The drag force, which is proportional to the square of velocity 
is in the same direction than the velocity. 
 
 
 
Figure 19. Regular wave notation 
 
The inertia force is composed of the hydrodynamic mass force and Froude-Krylov 
force. The hydrodynamic mass describes the force necessary to accelerate the body and 
the surrounding fluid. Froude-Krylov force is due to the pressure gradient developed around 
the structure from the fluid motion. However, the inertia force dominates drag force for large, 
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non-slender structures. The following equations lead to the formulation of the Morison 
equation: 
 
 
 
 
Equation 5. Morison equation 
However, if the structure is also subject to current forces, the drag term of the 
Morison equation can be modified to include current velocity (Uc) as appears in the next 
equation: 
 
 
 
 
Equation 6. Morison equation for current forces 
Offshore wind and tidal stream power plant Pg.| 37 
 
• Hydrodynamic Coefficients 
  The use of Morison’s equation requires values for drag (CD) and inertia (CM) 
coefficients. These values vary as a function of Reynolds number (Re), Keulegan-Carpenter 
number (KC) and relative roughness (k/D). For oscillatory viscous flow, the frequency 
parameter (β) defined as the ratio between Re and Kc can also be used. The following 
equations define these parameters. 
 
 
Equation 7. Reynolds and Keulegan-Carpenter numbers and relative roughness. 
 
• Wave coefficients 
In order to calculate the previous equations, it is needed to know the wave height 
and period. This data was obtained with the lines of constant steepness in our site that is 
shown in Figure 23. The values used for these calculations were the maximums that have 
been collected. 
 
Figure 20. Lines of Constant Steepness [26] 
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5.7.3. Hydrodynamic Results 
 
According to the previous section, in order to calculate the hydrodynamic forces, it 
is needed to determine the next values in our site: Maximum wave height, length, period, 
depth, amplitude, water density, drag coefficient and inertia coefficient. 
 
 
 
Table 4. Hydrodynamic coefficients 
Having in account these values and using the Morison´s equation the next 
hydrodynamic loads were obtained. 
 
 
Table 5. Hydrodynamic loads 
H (m) L (m) T (s) k d (m) A (m) Water density (kg/m3) Cd Cm
6.5 76.5 8 0.082 30.000 3.250 1025 1.2 2
h [m] b [m] z [m] U (m/s) Ü (m/s2) F [KN]
0 7 0.5 11.639 5.201 93.980
1 7 1.5 12.021 5.371 99.883
2 7 2.5 12.403 5.542 105.965
3 7 3.5 12.784 5.712 112.226
4 7 4.5 13.166 5.883 118.666
5 7 5.5 13.548 6.053 125.285
6 7 6.5 13.929 6.224 132.083
7 7 7.5 14.311 6.394 139.061
8 7 8.5 14.692 6.565 146.217
9 7 9.5 15.074 6.736 153.553
10 7 10.5 15.456 6.906 161.068
11 7 11.5 15.837 7.077 168.762
12 7 12.5 16.219 7.247 176.635
13 7 13.5 16.601 7.418 184.687
14 7 14.5 16.982 7.588 192.918
15 7 15.5 17.364 7.759 201.329
16 7 16.5 17.745 7.929 209.918
17 7 17.5 18.127 8.100 218.687
18 7 18.5 18.509 8.270 227.635
19 7 19.5 18.890 8.441 236.762
20 7 20.5 19.272 8.611 246.068
21 7 21.5 19.654 8.782 255.554
22 7 22.5 20.035 8.952 265.218
23 7 23.5 20.417 9.123 275.061
24 7 24.5 20.798 9.293 285.084
25 7 25.5 21.180 9.464 295.286
26 7 26.5 21.562 9.634 305.667
27 7 27.5 21.943 9.805 316.227
28 7 28.5 22.325 9.975 326.966
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Figure 21. Hydrodynamic loads in function of depth 
5.8. Soil-structure interaction 
 
5.8.1. Lateral Stability 
If we want our offshore turbine to fulfil the API standard we need to consider the 
“vertical tangent” or “zero-toe-kick” criterion. This criteria establishes that under the loads 
that can act over the structure, this main remain vertical in at least one location. Moreover, 
we need to considerer that the maximum lateral deflection at mudline and at pile toe are 
120 and 20 mm respectively and that the maximum rotation at mudline is 0.50º. 
Large diameter piles need to have a flexible pile behaviour to satisfy the vertical 
tangent. In the Figure 22 we can observe the behaviour of the structure having in the case 
of being flexible or rigid. In the rigid behaviour the structure rotates over itself without flexing, 
this can cause a “toe-kick” in the end of the pile. On the other hand, when it is flexible this 
doesn´t happen, however, in order to get this behaviour is common to enlarge the pile, 
which will increase the cost of the structure [29].  
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Figure 22. Flexible versus rigid pile behaviour 
 
5.8.2. Current Practice 
 
  In order to calculate the loads that act in the soil we will follow the p-y method, which 
is recommended by API. This approach calculates non-linear springs through buried 
structure that are represented by the p-y curves, as it can be observed in Figure 23. Usually, 
the diameter of the monopile of an offshore turbine varies from 4 to 7 meters, while its length 
has a range from 20 to 30 m. 
 
 
Figure 23. Winkler model approach 
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Equation 8. API Method 
5.8.3. Results 
 
As there isn´t information about the soil parameters in our site, for this study we took 
values for a standard seabed soil. In this case the angle of internal friction is 36º and the 
initial modulus of subgrade reaction is 24440 kN/m3. 
 
 
Figure 24. Soil parameters for API Method 
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Applying the API method, we have obtained the soil reaction for the different depths 
and according to their deflections. Figure 25 represent the P-Y for a depth of 11 meters.  
 
 
Figure 25. P-Y 
In order to fulfil the DNV requirements, the installation accumulated rotation at 
seabed has to be 0,25º as maximum. Having this in account, after an iteration process with 
the results for the P-Y of our site, we have determined the depth of the embedment for both 
cases: OWT and HOWT. 
 
5.9. Natural Frequency 
 
One of the elements to consider in order to prevent damages in the structure is the 
natural frequency or the dynamic behaviour of the structure. In order to analyse it we need 
to evaluate that the frequency of excitement and the natural frequency of the structure aren´t 
the same. In the case that this occurs the structure will suffer a resonance which will drive 
into great stresses and fatigue damages. In the case of our offshore wind and tidal turbines, 
this excitement will be mainly caused by the wind and the marine currents. When there are 
rotors implicated in the structure we need to analyse two frequencies, the rotational 
frequency (1P) of the rotor, which is determined according to the cut-in and the cut-off speed 
of the turbine, and the blade passing frequency (3P), which considers the excitement that 
can be produced when the blades passes close to the tower. 
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Figure 26. Natural frequency 
In order to avoid this natural frequencies there are different strategies that are 
followed in the offshore wind industry. The first design consists in a soft-soft behaviour, 
where the natural frequency is lower than the 1P frequency. The second and more used 
design is a soft-stiff behaviour where the natural frequency of the structure is between the 
1P and the 3P frequency. Finally, if the natural frequency is greater than the 3P the structure 
will have a stiff-stiff behaviour, in this case we should have a frequency a 10 % higher than 
the 3P in order to avoid forcing frequencies [23]. 
To confirm that our structure doesn´t suffer this effect, the first natural frequency of 
the structure was calculated using modal analysis. As we can see in the next table, the wind 
turbine frequency 1P and 3P are 0.1150 and 0.3450, respectively, for the cut off speed they 
will be 0.2017 and 0.6050. So, in the case of the OWT the natural frequency range is 
0.2017-0.3450 Hz. However, when we implement the tidal turbine the frequencies for the 
cut in speed vary between 0.0667 and 0.22. In this case, the behaviour over this turbine will 
be stiff-stiff due to we are above both frequencies. So, the natural frequency of the structure 
must be between 0.24 (we need to consider the 10% of margin that is recommended) and 
0.3450. 
 
Device 
Frequency 1P (Hz) Frequency 3P (Hz) Frequency 1P (Hz) Frequency 3P (Hz) 
Cut in speed Cut off speed 
Wind  
turbine 
0.1150 0.3450 0.2017 0.6050 
Tidal 
turbine 
0.0667 0.2200 0.1917 0.5750 
Table 6. Frequency 1P and 3P of wind and tidal turbines 
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5.10. Structure 
Apart of the aerodynamic and hydrodynamic forces we also need to calculate the 
dead loads in our structure. Firstly, we need to define the diameters and lengths of our 
structure. The diameters were taken for other similar offshore projects and then validated. 
On the other hand, the heights were calculated with the previous equations. 
 
  OWT HOWT 
Diameter seabed (m) 7.000 
Diameter base (m) 7.000 
Diameter hub (m) 4.600 
Height base (m) 43.000 
Height nacelle (m) 85.000 
Height embedment (m) 25.000 27.000 
Table 7. Monopile diameters and heights 
To calculate the dead loads we will need to know the weight of every component in 
our structure. They were calculated according to the length and thickness of the structure. 
The thickness was obtained after an iterative process. The material selected for the 
components was steel with a density of 7950 kg/m3. Knowing the length and thickness of 
the monopile, the volume was calculated using the equations for. So, the next table show 
the final weights and lengths of the structures in both cases, OWT or HOWT.  
 
Table 8. Mass and length of the structure components 
 
 
 
 
 
 
 
 
HOWT vs OWT
Component Volume [m3] Mass [kg] Component Volume [m3] Mass [kg] %
Rotor 227962 Rotor 227962 100%
Nacelle 11575761 920273 Nacelle 1343254698 1067887 116%
Transition piece 1036094901 823695 Transition piece 1223597717 972760 118%
Embedment 6023807564 478892 Embedment 7683055432 610803 128%
Tidal turbine 60000 60000
Supporting structure 17798 17798
TOTAL 7071478226 2450822 10249985645 2957210 121%
OWT HOWT
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5.11. Model 
After the calculation of all the forces that act over our structure, the model of our 
monopile can be realized. In order to check that it fulfils all the criteria mentioned above, the 
software Inventor was used. This program allows us to create structures, to set up its 
material and to calculate the effect of the forces that act over it. As it can see in the Figure 
27 the monopile was created having in account the different parts of the monopile. Once 
that the structure was built, all the forces (aerodynamic, hydrodynamic and dead loads) 
need to be determined. They were represented for being visually easy to understand. 
Orange arrows are the thrust of the rotors, yellow arrows represent the aerodynamic forces 
and finally the blue arrows are the correspondent to the hydrodynamic loads. The dead 
loads were also included in the model.  
 
Figure 27. Model of monopile and forces 
Then, Von Mises stress and natural frequency of the monopile can be obtained. 
Firstly, a static analysis needs to be done to know the Von Mises stresses that the structure 
can suffer, and therefore we can see if it fits the strength criteria. It is calculated in a way 
were all the maximum forces are acting at the same time and direction, which would be the 
worst possible scenario, to make sure that the structure can support any condition. After the 
calculation of the stress, a second analysis will be effectuated to calculate the natural 
frequency of the structure. In the Figure 28 we can see this analysis and how it affects to 
the deformation of the monopile. If the structure fulfils all the requirements that were 
established previously, the model would be considered as valid. Otherwise, a new thickness 
will be proved until the structure is adapted to our requirements. 
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Figure 28. Static and modal simulation 
5.12. Results 
As it was mentioned, the goal of structural analysis was to find the impact of the 
additional loads on the structure. Once that these loads are analysed, the model is modified 
appropriately. In this case it was decided to vary the thickness, but it could be done varying 
the diameter. Additionally, it precludes local buckling in a pile. After the optimization of the 
monopile, thickness for both cases was determined and therefore the next Von Mises 
stresses and natural frequencies of the structures. The results are shown in the Table 9.  
 
  OWT HOWT 
Thickness base (m) 0.055 0.065 
Thickness hub (m) 0.020 0.020 
Von Mises stress (Mpa) 22.220 23.550 
Frequency 0.170 0.240 
Table 9. Model results 
In the case of the OWT, we have obtained a model were the thickness of the 
embedment and the transition piece is 55 mm and, in the nacelle, it decreases linearly until 
reach 20 mm in the hub. In the top it can be thinner as the loads that the structure needs to 
support are lower. The natural frequency of the body is 0.17 which is between 0.1150 and 
0.3450. So, the normal operation of the turbine will not affect the structure. Finally, the 
maximum Von Mises stress that our structure would suffer is of 22.22 MPa, which will be 
perfectly supported for a steel structure. 
On the other hand, when we implement the Seagen turbine in our structure we have 
the extra load of its thrust and extra weight. Moreover, the frequency of this turbine has a 
range between 0.0667 and 0.200. This means that the previous structure could suffer an 
extra excitement and therefore suffer a fast deterioration. In order to avoid it, the thickness 
is increased until reach a frequency of 0.24, which leaves enough margin with the frequency 
of the turbine. In addition, the maximum Von Mises stress is a 6% higher than in the previous 
case but the structure wouldn´t suffer any yielding or buckling for it 
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6. Resources 
6.1. Location 
The selection of the location will depend on different factors. The main ones 
considered in this research are; wind resource, tidal stream resource, bathymetry and 
enough distance from the coast. 
After evaluating these factors, different countries were considered for doing the 
implantation of this technology but not all suit the requirements. For instance, in Spain, 
although, wind and tidal stream resources could be enough, the bathymetry of our seas is 
not appropriate for a monopile structure. This is due to the depth increases very fast as we 
move away from the coast. This could be solved with the use of floating structures. 
However, this technology is also in development and the implementation of a tidal stream 
turbine in this kind of structure will create more forces that can unbalance and put in danger 
the whole system. 
On the other hand, UK has a very flat seabed, which is propitious for monopile 
structure technology. Moreover, it has very good wind and tidal resources. So finally, our 
study was decided to be done there. 
 
6.2. Tidal 
 
There are many factors which inﬂuence the size and timing of the tides, including 
the Coriolis force, the equinoctial cycle, and also the elliptic nature of the moon’s orbit. The 
interaction and phasing of all these periodic effects thus means that the tidal wave moving 
around the earth’s surface is a complex wave. However, the contribution of each factor on 
the tide is noticeable and can be identified in a harmonic analysis. Here, the tidal wave can 
be broken down into a number of harmonic constituents of amplitude, frequency and phase, 
which when summed back together, will give the original tidal wave. 
As the bathymetry changes, the tidal current velocity must vary to maintain mass 
ﬂow rate. As such, in coastal areas or narrow inlets and tidal channels, the tides are 
funnelled through at high velocity. It is these areas which are of interest to tidal stream 
developers. 
As a Newtonian ﬂuid, sea water supports a shear stress such that a boundary shear 
layer forms between the moving free-surface and stationary sea bed. This means that the 
current velocity varies non-linearly with depth, from zero velocity at the interface with the 
sea-bed to the free-stream velocity, Uo, at the edge of the boundary layer.  
Currents are also affected by the wind, storm surge and thermohaline (temperature 
and salinity) gradients, the latter of which tend to drive the slow-moving global ocean 
circulation currents. The wind is of more interest here since it has a significant effect in 
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shallow water, whilst storm surge is an artefact of the wind combined with waves, rainfall 
and ﬂood water run-off, all of which make it difficult to predict. 
 
6.2.1. Oceanographic model 
The tides can be considered as a sequence of sinusoidal, tidal harmonic 
components that vary according to the location. The TOPEX/POSEIDON satellite allows 
the study of subtidal ocean dynamics using a generalized inverse scheme.  
In order to calculate this tides it is needed to analyse all its components. They can 
be diurnal as K1, O1, P1, Q1 and S1, with periods that range 23.93 to 26.87. Or they can 
be semidiurnal constituents M2, S2, N2, and S2. These components have shorter periods 
that vary from 11.97 to 12.66 hours. In Figure 29 we can see the representation of the global 
constituent M2. Moreover, there are 5 non-linear (M4, MS4, MN4, 2N2 and S1) harmonic 
constituents. Adding this sinusoidal components we will obtain the spring and neap tides, 
maximum and minimum respectively, and the tidal cycle [30].  The different parts of the tide 
are the flood tide, which is when it is rising up, slack water, when it is in the intermediate 
periods and ebb tide, when it is decreasing [31]. 
 
 
6.2.2. Data 
In order to evaluate the tidal energy that we have in our situation we are going to 
use the data collected TPXO9, a series of fully-global models of ocean tides, which best-
fits, in a least-squares sense, the Laplace Tidal Equations and altimetry data. To represent 
and collect this data we have employed the tool TMD (Tidal Model Driver) in Matlab. 
TMD is a Matlab package for accessing the harmonic constituents for the ESR/OSU 
family of high-latitude tide models, and for making predictions of tide height and currents. 
TMD includes two components: A graphical user interface for quickly browsing tide fields, 
Figure 29. TPXO9:M2 
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zooming in on regions of interest, and selecting points and time ranges for predictions of 
specific variables; and a set of scripts for accessing tide fields and making predictions [32]. 
Using the graphical user interface, we can search for locations were both bathymetry 
and resources are correct. Then, we evaluate the data in the location 53.6953, 355.4354. 
We obtain the bathymetry, north speed and east speed of the tidal streams. 
 
 
Figure 30. U velocity (cm/s) 
 As it was explained previously, all the dominant tidal constituents are evaluated and 
then we obtained the data for our location. We will obtain the north and east speeds of the 
tidal current for every hour during the selected period. In order to have an accurate study 
we have collected the data for one year. U speed corresponds to the north to south speeds, 
V speed is the one from west to east and T speed is the total. Results are shown in Table 
10 for our site. 
 
U_Avg (cm/s) 116,55 
V_Avg (cm/s) 65,14 
T_Avg (cm/s) 133,52 
U_Max (cm/s) 230,42 
V_Max (cm/s) 95,05 
T_Max (cm/s) 249,25 
Table 10. Average current speeds 
In order to have a better understanding of how tides amplitude changes through the 
year and how it does affect to the speed of the currents the next representation show its 
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variation. 
 
 
 
Figure 31. U and V speeds 
 
6.3. Wind resource 
The wind is fundamentally driven by solar energy; differential heating between two 
regions causes hot, lower density air to rise, circulate in the atmosphere and sink back down 
at higher density as the air cools. At a global scale, Coriolis forces, due to the Earth’s 
rotation in a relative frame of reference, drive large-scale circulation patterns high in the 
troposphere, whilst thermal stability, due to vertical temperature variation, affects the 
amount of vertical mixing. Winds may also be locally generated by unequal heating and 
cooling of land and sea masses. Inside the planetary boundary layer, interaction of ﬂows 
with topographical features causes disturbances, with strong vertical mixing further driven 
by thermal instability. The result is a highly turbulent layer with differing amounts of vertical 
shear up to the ‘free atmosphere’. It is this characteristic variability of the wind, in both a 
spatial and temporal sense, which makes it difficult to predict wind speeds accurately 
beyond a few hours in advance. 
In order to obtain the wind resource, WAsP has been used. This tool can analyse 
the terrain, the wind resources and it uses models to obtain the wake and, therefore, an 
accurate energy study for wind farms. 
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6.3.1. Terrain Analysis: 
Firstly, we introduce our location coordinates and create the map using Wasp map 
editor, from where we can obtain digital topographical maps from web-databases.  It is 
necessary to specify the location and the extension that we wanted. It will display a map 
with roughness, heights and the orography needed to calculate the possible wind variations. 
The main factors that will affect to the wind resource are the roughness of the terrain 
and the orographic and shelter effects. These factor are analyse in order to correct the wind 
available energy that arrives to our turbines. 
 
 
Figure 32. Topography in our location 
 
6.3.2. Generalized Wind Climate: 
In order to calculate the wind resource in our location we need to obtain a 
Generalized Wind Climate, which is the theoretical wind that we can obtain in a determined 
location without considering any possible lost. However, this loads will be introduced later 
in order to obtain the correct values. 
The data was taken from the Global Wind Atlas, which uses a downscaling 
process. The process that was done is represented in the Figure 33. 
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Figure 33. Downscaling process of Global Wind Atlas 
The wind resources are analysed at different scales, from large to micro scale, in 
order to obtain more accurate wind resources. The data has to pass different verification 
and generalization process until being considered as valid. The evaluated wind grids vary 
between 200 and 1 km and it is applied to different heights. 
Once that we have selected our location 
and we have obtained a GWC file, which contains 
information about the wind climate, with local 
speed-up due to changes to both elevation 
(orography) and roughness removed. The GWC 
data is in the form of wind speed distributions 
parameters for different direction sectors, different 
heights over flat terrain and different surface 
roughness. 
Once that we have it, we use the GWC file 
obtained from Global Wind Atlas and we calculate 
the Weibull distribution according to the shape and 
scale coefficients of our location we can calculate 
the probability of wind in different intervals. 
Moreover, we also obtained the wind rose. 
 
ℎ(𝑣) =
𝑘
𝑐
(
𝑣
𝑐
 )
𝑘−1
𝑒−(
𝑣
𝑐)
𝑘
 
Equation 9. Weibull distribution 
Figure 34. Wind resource in our location 
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Figure 35. Wind rose and Weibull distribution for our GWC 
 
6.3.3. Observed Wind Climate 
Moreover, real observation data is needed. To obtain it, we use the Centre for 
Environmental Data Analysis for access to MIDAS Open database. Which consists on the 
UK hourly weather observation data contain meteorological values measured on an hourly 
time scale. The measurements of the concrete state, wind speed and direction, cloud type 
and amount, visibility, and temperature were recorded by observation stations operated by 
the Met Office across the UK [33]. 
Once that the right weather station is selected, the data for 2 years is downloaded 
and analysed with the WAsP Climate Analyst, which analyses of any time-series of wind 
measurements to provide a statistical summary of the observed, site-specific wind climate. 
The UK hourly weather observation data contain meteorological values measured 
on an hourly time scale. The measurements of the concrete state, wind speed and direction, 
cloud type and amount, visibility, and temperature were recorded by observation stations 
operated by the Met Office across the UK. 
In Figure 36 we can observe both the direction and the wind speed throughout 2017. 
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Figure 36. Wind direction and speed 
Moreover, the Weibull characteristics were obtained as the frequency and power 
density in each direction as it is shown in the Figure 37. This will be determinant in order to 
how to place the turbines in our plant. As the highest power density is the one for 210º the 
turbines will be oriented in such way that the distances in that direction are larger in order 
to reduce the wake. In order to see it graphically a wind rose is displayed. 
 
 
Figure 37. Wind rose and Weibull distribution for OWC 
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7. Energy Generation 
7.1. Wind 
Once that we have introduced the location, roughness, the wind map, and the 
turbine characteristics and how they are distributed in the farm, we can calculate both the 
gross and the net energy generated by our plant. In order to do this, we will analyse the 
wake losses and, we will create the best configuration for preventing it. With this purpose 
the orientation of the turbines will be selected to have the higher distances in the main wind 
direction. In the case of our plant, it will be 210º. In the next table we can see the available 
energy for each turbine. 
In the next table, we can see the energy available and produced by each turbine for 
a height of 102 meters. This height will be determined in the structural design. Moreover, 
we can see the wake loss for each turbine. 
 
Site 
Location 
[m] 
A [m/s] k U [m/s] E [W/m²] 
Net AEP 
[GWh] 
Wake loss 
[%] 
Turbine 
site 1 
(-760, 
5945375) 
20,3 1,67 18,14 8603 22,937 17,82 
Turbine 
site 2 
(-685, 
5945504) 
20,3 1,67 18,17 8633 22,025 21,03 
Turbine 
site 3 
(-610, 
5945633) 
20,3 1,66 18,18 8682 23,284 16,47 
Turbine 
site 4 
(-631, 
5945300) 
20,2 1,67 18,08 8487 23,79 15,01 
Turbine 
site 5 
(-556, 
5945429) 
20,3 1,67 18,1 8511 22,835 18,37 
Turbine 
site 6 
(-481, 
5945558) 
20,3 1,67 18,12 8538 23,817 14,82 
Turbine 
site 7 
(-889, 
5945450) 
20,4 1,66 18,21 8748 23,204 16,61 
Turbine 
site 8 
(-814, 
5945579) 
20,4 1,66 18,22 8760 22,475 19,22 
Turbine 
site 9 
(-739, 
5945708) 
20,4 1,66 18,24 8791 23,751 14,58 
Turbine 
site 10 
(-1018, 
5945525) 
20,4 1,66 18,26 8824 24,631 11,28 
Turbine 
site 11 
(-943, 
5945654) 
20,5 1,65 18,28 8885 24,225 12,68 
Turbine 
site 12 
(-868, 
5945783) 
20,5 1,65 18,3 8901 25,337 8,65 
Table 11. Turbine site generation 
Finally, the total energy generated in our plant was calculated.  As it is shown in the 
Table 12, the net energy produced by our plant is 282,312 GWh with an average wake loss 
of 15,55%. 
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Parameter Total Average Minimum Maximum 
Net AEP 
[GWh] 
282,312 23,526 22,025 25,337 
Gross AEP 
[GWh] 
334,298 27,858 27,736 27,99 
Wake loss 
[%] 
15,55 - - - 
Table 12. Annual Energy Production 
7.2. Tidal 
In order to obtain the available power in our site, the data for a period of one year 
obtained in the simulation in TMD (Tidal Model Driver) was used. In the Figure 38 we can 
see the current speed distribution. 
 
 
Figure 38. Current speed distribution 
Once that we know the current speed throughout the year, we can calculate how 
much energy the tidal stream turbine can generate. The relation between power available 
and power it is shown in Figure 39. As the water has a very high density the available power 
increases much faster that the power that can be seized by our turbine. 
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Figure 39. Power available vs power 
In order to analyse the quality of the chosen site we can evaluate the average speed 
that is of 1.5 m/s, the average power of the turbine operating here and finally the total energy 
generated by one Seagen S turbine is calculated. 
 
TOTAL 
Energy (GWh/year) 6,162148889 
Power_Avg (MW) 0,703441654 
Speed_Avg (m/s) 1,508239551 
Table 13. Total Energy generated by a tidal stream turbine 
7.3. Hybrid offshore wind and tidal turbine   
Finally, we can calculate the production of our offshore farm in the north of Anglesey 
Island. Combining both technologies, wind and tidal, the capacity of each turbine is 8 MW 
(6 MW for wind and 2 MW for tidal). As we consider that the farm has 12 turbines, the farm 
will sum a total capacity of 96 MW, which is a 33% more than in the offshore wind turbine 
(OWT) system. 
As the capacity factor (Cp) of the tidal is not as high as the offshore wind turbine, 
the increase in the generation wouldn´t be accord to the installed capacity. In the first 
scenario, the energy generation of the plant in relation of the possible generation is 53%. 
However as the Cp for the tidal stream turbine is just a 34 %, when we co-locate these 
energies this Cp decreases until the 48 %. Nevertheless, the implementation of the tidal 
stream turbine in the OWT system rises the annual energy generation a 26 %. So, the hybrid 
offshore wind turbine (HOWT) farm would generate 356.232 GWh per year in comparison 
with the 282.312 GWh of the OWT, as we can see in Table 14. 
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  OWT HOWT Increase 
Installed Capacity (MW) 72 96 33% 
Annual Energy Generation (GWh/year) 282.312 356.232 26% 
Capacity Factor 53% 48% -9% 
Table 14. OWT vs HOWT generation 
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8. Integration to the grid 
8.1. Integration methodology 
In the planning and design of an offshore network, it is necessary to consider 
following general design factors: 
 
• Technical Limitations of Assets: Such as current, voltage operating range or fault 
levels. 
• Compliance: With local codes, standards and regulations. 
•  Electrical Losses: Typically, they vary in the range of 2 and 5%, depending upon 
the export voltage and distance offshore. It is needed to have in account the location 
of the metering and the allocation of transmission losses. 
•  System redundancy and resilience: As their elevated capital costs, offshore 
transmission systems are generally not designed fully redundant. Therefore, there 
is a risk exposure to single points-of-failure, such as submarine transmission cable.  
8.2. Transmission design 
Radial connection is one of the most used grid topologies for an individual offshore 
wind farm that is connected to the onshore. This will be the kind of connection used in our 
plant. This kind of transmission permits incremental build-out with minimal asset stranding 
risk. Using this design, which is shown in the Figure 40, it is possible to remove the need 
for an offshore high voltage substation is a direct connection of turbines via extended 
medium voltage array cables. Given the very high capital costs of offshore substations this 
approach can lead to cost benefits [34]. 
 
 
Figure 40. Transmission design 
 
The power transfer limitations of MV cables mean that numerous cables are required 
to transmit the peak power from larger projects to shore. This will lead to very high cable 
costs for more distant projects. Moreover, that electrical losses are proportionally higher to 
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lower voltages. This can have an important impact over the plant profitability for more distant 
connections. 
Therefore, after several researches it was determined that this connection design is 
most suited to projects smaller to 120 MW and with a distance to the shore lower than 20 
km. However, the use of 66 kV arrays can increase these limits. Our plant will be between 
these limits due to it has a power of 96 MW and the distance to the shore is 5 km. Then, it 
can be connected to the substation right which right now is used by the Wylfa Nuclear plant. 
 
 
Figure 41. Transmission lines and substations in UK [35] 
 
8.3. Offshore Array Cables 
Array cables typically operate at medium voltage levels, which usually are 33 kV. 
They are used to interconnect different arrays of offshore wind turbines that are connected 
in the offshore farm to collect and transmit it to a substation and finally to shore. These 
cables have a 3 core design, they incorporate 3 phases into a single cable, using extruded 
insulation of XLPE (cross-linked polyethylene) or Ethylene Propylene Rubber (EPR). They 
can belong to the wet or semi-wet type, this means that they don’t employ an extruded, 
water blocking metallic sheath over the cable, making them lighter and cheaper than 
offshore HV cables. Generally, it is considered that for handling an offshore wind farm and 
connection to 33 kV wind turbine switchgear the maximum cross-sectional area of the 
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conductor is 630 mm2. In that case, the maximum power that can be transmitted on a single 
array cable varies between 35 and 40 MW. However, this cross-section area often varies 
along the strings, reducing this section in its end, where less turbines are connected. 
 
 
Figure 42. 220 kV submarine HV Cable 
 
8.4. Offshore High Voltage Alternating Current Substation 
Offshore High Voltage Alternating Current (HVAC) substations are mainly used is to 
transform the medium voltage used in arrays to a higher voltage for more efficient 
transmission to shore. They are built over a foundation, which is a supporting sub-structure, 
and topside. Together with the HV submarine cables, the substations suppose one of the 
most significant capital cost items in offshore transmission systems.  
As well as MV/HV transformers, offshore substations contain: 
 
• HV Switchgear 
• MV Switchgear 
• Auxiliary and backup power systems 
• Protection, control and communication equipment 
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• Reactive power compensation. It is not mandatory, but they are used depending 
on the system design (shunt reactors, to compensate the capacitance of HVAC 
cables) 
 
Figure 43. HVAC Substation 
 
8.5. Onshore Cables 
When reaching landfall, submarine cables are jointed to an onshore cable. This 
cable is designed at the transition joint bay. In the landfall it is necessary a complex marine 
coordination operation, requiring pull-in of cables from the installation vessel to the onshore 
transition joint bay. Usually, in this point, we will find the thermal constraint for our cable 
system as the buried part can be quite deep. In order to diminish it, it is possible to splice a 
larger diameter cable to the landfall end of the submarine cable. 
Generally, the onshore cable is composed by a single core cable and it uses a 
different conductor material than offshore, aluminium instead of copper. In addition, they 
require less water blocking measures than submarine cable designs. Another characteristic 
of these cables is that cross bonding can be used to minimize circulating currents in the 
cable sheath and increase equivalent rating, which is not possible in the subsea sections. 
Onshore cables are installed in trenches, sometimes in ducks, and then they are buried as 
protection. The length of onshore cabling that is required will depend on the distance of the 
onshore substation to the landfall point. 
 
8.6. Onshore HVAC Substations 
Onshore HVAC substations are used for receiving the power from the offshore 
power system and transforming it to the correct voltage, which will be the voltage for 
injection into the grid. Usually, onshore substation includes: 
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• Fixed shunt reactors for compensating the HV cable 
• HV Switchgear 
• Protection, control and communication equipment 
• Additional compensation devices for meeting the grid code. This will depend on the 
system design and grid code requirements. 
• Harmonic filters. In most of cases, they are needed according to the grid code 
requirements and local grid characteristics. 
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9. Economics 
In order to perform a more comprehensive economic analysis of the study system, 
two study cases were considered, in the first one we will make the analysis for the OWT 
farm and in the second with the implementation of tidal stream.  
9.1. Assumptions 
The economic analysis conducted in this study draws upon different typical 
economic parameters used to study the feasibility of the project’s implementation. 
Therefore, there were identified all the factors involved in the process and, then, obtained 
the capital and operational costs. Furthermore, it’s important to consider some important 
assumptions that were considered in for the analysis: operational and the ones specific for 
each component.  
Apart from the assumptions, estimations were conducted. These were based on 
data obtained from existing literature and industrial experts, adapted to serve as a reliable 
estimate of costs. 
 
9.2. CAPEX and OPEX 
In this section, capital expenditures will be studied. CAPEX is defined as the 
amount that companies invest to purchase major physical goods or services that will be 
used for more than one year. On the other hand, OPEX is the amount of variable costs such 
as maintenance and operation. 
9.2.1. Wind turbine costs 
A breakdown of the CAPEX for a typical offshore wind project is outlined in the 
Figure 44. This analysis includes a market price adjustment. The percentages are based 
on market data. The turbine cost is usually the main cost for a wind project. However, 
according to the complexity of the project, its share can be less important [36]. 
 
Figure 44. Offshore wind CAPEX breakdown 
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In order to calculate the manufactured costs of our wind turbine, data from a Crown 
Estate study was employed [37]. These costs include the internal components of our turbine 
as it appears in the Table 6. Using these values, it was obtained that the wind turbine will 
suppose a cost of £6.500.000,00. Finally, the OPEX for offshore wind is considered to be 
£82,000/MW [38]. However, these costs are expected to be reduced as the technology 
improves [39]. 
 
Nacelle 
  
Nacelle Bedplate £100,000 - £120,000 
Main Bearing £60,000 - £80,000 
Main Shaft £100.000 
Gearbox £700,000 - £1,000,000 
Generator £200,000 - £250,000 
Power take-off £400.000 
Control System £70.000 
Yaw System £100.000 
Yaw Bearing £40,000 - £50,000 
Nacelle Auxiliary Systems A few% of larger costs 
Nacelle Cover £60,000 - £90,000 
Small Engineering components Small 
Fasteners  £10,000 - £15,000 
Condition Monitoring System £10,000 - £20,000 
Table 15. Nacelle costs 
Rotor  
Blades £250,000 - £350,000 
Structural Composite Materials Half the cost of blade 
Blade Root 20% Blade cost 
Lightning Protection Low Cost (approximated) 
Hub Casting £80.000 
Blade Bearings £40,000 - £50,000 
Pitch System (electric or hydraulic) £100,000 - £150,000 
Spinner £20,000 - £30,000 
Rotor Auxiliary Systems £3,000 - £10,000 
Fabricated Steel Components £10,000 to £20,000 
Table 16. Rotor costs 
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9.2.2. Tidal stream turbine costs 
 
In order to calculate de CAPEX of the tidal stream turbine some estimated values 
were used in accordance to previous studies. The next graphic shows the normal 
breakdown for this technology [40]. 
 
 
Figure 45. Tidal stream CAPEX breakdown 
 
In our case, as we are doing a co-location, it was considered that the costs of 
structure, installation and transmission would be reduced. So, a reduction of a 25% of the 
total CAPEX was assumed. Finally, the operational costs for tidal stream energy are 147 
$/MW [41]. With these assumptions, it was obtained that the capital cost for the Seagen 
turbines is £4.120.200, while the operational costs are £185.220.  
 
Capital cost of normal tidal turbine ($/kW) 4360 
Applying exchange rate (£/MW) £2.746.800,00 
Applying Cost Reductions (£/MW) £2.060.100,00 
Capital Cost for Seagen System (£) £4.120.200,00 
Annual Operating Cost ($/kW) £147,00 
Applying exchange rate (£/MW) £92.610,00 
Annual Operating Cost for Seagen system (£) £185.220,00 
Lifetime Operational Cost (£) £3.704.400,00 
Table 17.Tidal stream costs 
 
 
16%
4%
30%
12%
25%
13%
Installation
Design, engineering,
management and
insurance
Rotor and power-train
Generator and other
onboard electrical
equipment
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9.2.3. Foundation costs 
 
Once that the height, diameter and thickness of every component of the monopile 
structure is known. The mass of the materials is calculated and then we can know the price 
of the total foundation. It was obtained that in the case of the implementation of the tidal 
stream turbine the cost of the foundation will increase a 13%, which would be £3.015.556. 
 
  OWT HOWT 
Installation     
Capital Cost/tonne (Monopile) £1.300 £1.300 
Capital Cost/tonne Transition piece £1.800 £1.800 
Monopile Capital Cost £1.196.355 £1.264.588,00 
Transition Piece Capital Cost £1.482.651 £1.750.968,00 
Total Capital Cost £2.679.006 £3.015.556 
Increase in Cost (%) 13% 
Table 18. Foundation costs 
9.2.4. Transmission costs 
As it was shown in previous sections. For the transmission system of our farm, we 
will need inter-array cables to connect the turbines in a radial topology, cables until the grid 
point on shore and a substation that will increase the voltage in order to minimize losses 
. 
Inter-array cables length (m) 1200 
Distance to shore (m) 5000 
Substation Capital Cost (33:132) £1.625.000,00 
Substation Operating Cost/year £2.304.000,00 
Transmission Line Capital Cost £4.604.054,88 
Transmission Line Operating Cost/year £3.058.000,00 
Total rated power capacity (MW) 96 
Table 19. Transmission costs 
 
9.2.5. Total costs 
After the calculation of the cost of all the components of the plant we can calculate 
the total cost of our offshore farm. We will have in account the wind and tidal turbines, the 
structure and the transmission system for the 12 turbines that will be operating. Moreover, 
it was analysed the difference between the offshore farm with and without the hybrid system. 
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CAPEX 
Tidal Capital Cost £49.442.400,00 
Wind Turbine Capital Cost £78.000.000,00 
Transmission Capital Cost £6.229.054,88 
Foundation Capital Cost £36.186.672,00 
Installation (estimated 8%) £15.000.000,00 
Misc (decommissioning, engineering & management, development) (8%) £15.000.000,00 
Contingency (9%) £16.200.000,00 
Total Capital Cost OWT £166.615.726,88 
Total Capital Cost HOWT £216.058.126,88 
Table 20. Total CAPEX 
 
OPEX 
Annual Tidal Operating Cost £3.528.000,00 
Annual Wind Operating Cost £5.904.000,00 
Annual Transmission Operation Costs £5.362.000,00 
Annual Operating Costs OWT £11.266.000,00 
Annual Operating Costs HOWT £14.794.000,00 
Table 21. Total OPEX 
 
9.3. Levelized Cost of Energy (LCOE) 
     Levelized Cost of Energy is a measure that relates the system average total cost 
with the system energy output. LCOE measure is useful to compare different electricity 
generation systems. The following expression has been used to calculate LCOE: 
 
 
Equation 10. Levelized Cost of Energy. 
     FCR can be defined as the economical amount that has to be returned due to 
the interests. AEP the Annual Energy Produced. As higher the annual interest rates are, as 
higher the resulting LCOE will be. This means that the energy will be less cost-efficient. In 
our case, an interest of 5% is considered, which means that for the lifetime of 20 years that 
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we have consider, the FCR will be 0.082. So, if we analyse both technologies separately 
and then our hybrid system, we will obtain the next LCOE. 
 
 
Figure 46. Wind, tidal and HOWT LCOE 
9.4. Payback period 
In order to calculate the incomes, we need to know the price at which we will sell the 
energy. In UK there are contracts for difference (CFD) auctions. These contracts guarantee 
a strike price for 15 years to new renewable generation. With these contracts we can 
improve the predictability of the income. For the case of offshore wind energy, the strike 
price for projects commissioned between 21/22 is 74.45 £/MWh. On the other hand, the 
strike price for tidal stream generation is 295 £/MWh. Considering the production of our 
farm, combining both productions, the strike price per MWh would be 120.2 £/MWh. 
Finally, a study of the payback period and total revenues at the end of the lifetime 
was done for the two cases: OWT and HOWT. For the first case, the payback period is of 
16 years with a total revenue at the end of its lifetime of £ 61.663.608. On the second case, 
as it is shown in the Figure 48, the payback period is reduced until 9 years and the 
cumulative cash flow at the end of its life would be of £ 422.035.485. 
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Figure 47. Cumulative Cash flow OWT 
 
Figure 48. Cumulative Cash flow HOWT 
 
 
 
 
 
 
 
-£250.000.000,00
-£200.000.000,00
-£150.000.000,00
-£100.000.000,00
-£50.000.000,00
 £-
 £50.000.000,00
 £100.000.000,00
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Cumulative Cash Flow OWT
-£400.000.000,00
-£300.000.000,00
-£200.000.000,00
-£100.000.000,00
 £-
 £100.000.000,00
 £200.000.000,00
 £300.000.000,00
 £400.000.000,00
 £500.000.000,00
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Cumulative Cash Flow HOWT
Offshore wind and tidal stream power plant Pg.| 71 
 
10. Environmental Impact 
10.1. Pilling noise impact 
The noise generated during the driving needed for the installation of the monopiles 
can cause different environmental impact on fish and marine mammals. Nowadays, there 
are different technologies that can help to diminish the generation of noise. In the next table 
we can see some of them. 
 
 
Figure 49. Mitigation technologies [42] 
10.2.  Seabed habitat disturbance 
 
Due to the loads that the offshore structure receive, it can cause some instabilities on the 
seabed. These instabilities are diverse and can be summarize as: the influence of hydraulic 
instability due to the water influxes that pass close to the structure, the scouring and the 
possible liquefaction of sandy upper layers. 
As the hydrodynamic field increases around the structure, the sediment transport 
and erosion process are greater. The water flux is mixed with sand and it creates a 
depression around the structure. 
In order to prevent this, there are some form of protections as concrete, asphalt or 
rubber mats. But generally, the method of dumping crushed rock is used due to its 
effectiveness and cost.  
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Cabling equipment can also affect to the seabed as it is buried around 2 or 3 meters 
of depth. Moreover, the sediments around the cables have a risk of heating. This increase 
in the temperature can be of 0.2 ºC at the sea bed, but at 50 cm it can reach 2.5 ºC. This 
can affect to the marine animals, which usually avoid this temperature increases.  
However, there are also positive impacts as some organisms use these structures 
as a new habitat, creating artificial reef structures. 
10.3.  Impact on marine animals 
 
The main impact that marine mammals and fish can suffer is caused by noise. This noise 
will be caused mainly during the construction works, the operational phase and then in the 
decommissioning. Even that underwater noise is mitigated there is an average limit for 
ambient noise in marine environment of 70 dB.  
These noises could cause different effects on these animals: 
• Primary effects: Immediate or delayed fatal injuries. This is often caused by 
barotraumas arising from gas embolisms in mammals or ruptures to swim bladders in fish. 
• Secondary effects: Injuries such as deafness that can affect the survival skills of 
the fish, particularly the fishes that hunt by acoustic methods. 
• Tertiary effects: They can affect to the behavior of the animals, these effects may 
be milder but experienced over a greater area.  
There is also the possibility that this animal collision with the structure or with the 
rotors, however, in the demonstration of the Seagen these impacts were almost null. [22] 
Moreover, possible electric-magnetic fields that can be produced by our system 
need to be identified. However, both noise and electric-magnetic fields that can be caused 
by our system aren´t considered important. 
10.4.  Impacts on birds 
The main impact over the birds is the possible displacement or loss of the habitat. 
In some cases it was observed that birds use to be displaced from the area were the wind 
turbines are installed, which is called barrier effect. Other important impact is the possible 
collision of the bird with the structure or with the rotor.   
 
For calculating the potential danger, it is needed to analyse the migratory flows of 
birds and an observation of the local birds. There are, however, no nearshore or offshore 
designated areas associated with avian species in the vicinity of the proposed farm 
Offshore wind and tidal stream power plant Pg.| 73 
 
development. [43] 
10.5. Reduction of emissions 
Considering that the electricity generated by this plant is completely renewable we 
will be saving the possible emissions that would be generated by the fossil fuel plants. In 
the current electric mix of UK the emissions of CO2 during the generation is 84 tonnes/GWh. 
Moreover, we also consider the emissions of SO2 and NOx to the atmosphere, 7.85 and 
1.53 tonnes/GWh respectively. With the implementation of the tidal stream turbine we 
reduce the emission a 26 %, saving almost 30,000 tonnes of CO2 per year. This will 
suppose the reduction of 600,000 tonnes at the end of its lifetime. 
 
  CO2 (tonnes) SOx (tonnes) NOx (tonnes) 
OWT 23714.21 2216.15 431.94 
HOWT 29923.49 2796.42 545.03 
Table 22. Emission reduction of OWT and HOWT 
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11. Conclusions 
In this study it was analysed the feasibility of the implementation of a tidal stream 
turbine in a hybrid system with an offshore wind turbine. With this purpose a simulation and 
model the system in terms of generation, structural forces, integration to the grid and 
economics has been done. 
Firstly, it was necessary a previous study to find a location that was suitable for our 
plant. Our site needs to have a location with an appropriated wind and tidal resources, to 
have a determined depth for our structure and to be in an opportune distance from shore. 
The cost of United Kingdom has a very good perspective for offshore technologies and 
theses necessities could be achieved in several locations, as they are in our location at the 
north of the Island of Anglesey with a depth of 28 meters. 
After defining the emplacement, it is needed to find a turbine that fits better under 
the conditions in such location and that are appropriated for and hybrid system of wind and 
tidal. For this reason, it was selected the Siemens SWT 6.0-154 turbine for the wind 
generation and for tidal the Seagen S of 2 MW. Which can be perfectly assembled in the 
structure of a normal offshore wind monopile and it will count with a continuous yaw control 
system, which will optimize the energy generation. 
The design of the structure was also a part of this study. The height of the different 
components of the structure, its diameter and thickness were calculated according to the 
offshore design criteria and checked with previous and real researches. Then, a structural 
analysis took place, evaluating all the forces that act over the structure (aerodynamic, 
hydrodynamic and dead loads) in order to assure that the structure can withstand them and 
that it fulfils the standards for offshore structures. In the case of the OWT the structure is 
thinner than in the case of the HOWT due that it doesn´t have to support the additional 
forces of the tidal turbine and also to have a natural frequency that is not affected for the 
frequency that can produce these turbines. This suppose an increment of a 6% in the 
volume of the material that is needed to build it. 
In order to determine the energy production a wind and tidal resources study has 
been done. In the case of the wind we have taken both theoretical and real data and then 
we have evaluate the conditions of the location to obtain the possible wind energy available 
for our turbines. On the other hand, we have use the Tidal Model Driver in Matbab to analyse 
the dynamic components of the tides and to obtain the marine currents for the period of one 
year. The energy analysis showed that with the implementation of the tidal stream turbine, 
the annual production increases a 26%, adding up a total of 356.22 GWh per year. 
Moreover, the energy produced by the tidal stream turbines can be perfectly predicted with 
mathematical models, unlike the wind or other renewable technologies, being a support for 
the firm power. 
Then, the transmission system was established. The interconnection between the 
turbines has a radial topology and the transmission is done in AC, this due to for the size 
and distance to the shore of our plant it is the most convenient. 
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Once that our system was completely defined, the economic study was effectuated. 
In this study the two systems were compared. The LCOE of the technologies was evaluated 
by separated and in our system. In the case of the OWT it was of almost 64 £/MWh and in 
the case of the combined it was of 78.5. However, the strike price that is paid for the MWh 
of offshore wind generation is just 74.45 £/MWh in comparison with the 295 £/MWh for tidal 
stream energy. So even if the LCOE increases when with the implementation of the tidal 
stream turbine, this case is much more favourable. In the first case the payback period is of 
16 years, while in the case of the HOWT it is just 9 years.  
The co-location of both technologies has been demonstrated to be feasible, 
however, with a LCOE higher than a normal offshore wind plant. In the case of not having 
CFDs that support more the tidal than offshore wind this project wouldn´t be economically 
possible. This is also due to tidal stream technologies haven´t had the same investment 
due to their total costs are very high in relation to its production. With this system this 
technology can have an opportunity to be implemented and improved, which will reduce 
costs and finally it could be feasible even without CFDs. The advantages of the use of tidal 
is that we can produce a lot of reliable energy with smaller turbines and seize more energy 
from the same location. Nowadays, offshore wind has a large growth perspective, but both 
materials and locations are limited and the co-location of technologies such as tidal and 
wind can help to build a more sustainable future. 
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